The high-cycle fatigue behavior of ARMCO iron severely deformed by Equal Channel Angular Pressing (ECAP) at room temperature through route Bc until 8 passes, with an average grain size of ~365nm, was studied and compared with the same material in the annealed state with an average grain size of ~72µm. The fatigue limit of the 8 passes ECAPed sample increased with respect to the annealed material by more than 250% rising from 274MPa to 717MPa. Striations and dimpled relief were observed on the fracture surfaces of the fatigued ultrafine and coarse grain fatigue samples. The microstructure was characterized by Electron Backscattered Diffraction (EBSD) before and after the fatigue tests and it was observed in both samples an increment in the fraction of Low Angle Grain Boundaries (LAGB) at high number of cycles to failure. A texture analysis for the materials after the fatigue failure was done. This study shown a preferential orientation towards the γ fiber for both conditions.
Introduction
Fatigue is associated with the processes of damage accumulation and the resulting fracture of materials under cyclic loading at stress levels below the tensile strength or even the yield stress. The total fatigue life is conventionally divided into two regions corresponding to the times required for crack nucleation and crack propagation . The resistance to crack initiation naturally requires strength, while the tolerance to crack advance requires ductility. The low-cycle fatigue (LCF) and high-cycle fatigue (HCF) regimes are typically distinguished in accordance with the applied strain amplitude.
Testing in the HCF regime corresponds to probing the resistance of a material to crack initiation, whereas testing in the LCF regime corresponds to assessing the defect tolerance of a material .
There is a great demand for high-strength materials in structural applications in order to obtain light structures. One of the most important methods to achieve this goal is through grain refinement. Ultra fine grained (UFG) materials can be obtained through different techniques, but the so called Equal Channel Angular Pressing (ECAP) is one of the favorite ones because processing can be carried out with no porosity and no contamination . This severe plastic deformation (SPD) technique can enhance both the tensile and fatigue strength at the same time . This is due to the higher resistance to crack initiation of the UFG materials, resulting in an increase in the high-cycle fatigue life .
Up to now, studies on fatigue strength for materials processed by ECAP mainly cover non-ferrous metals, such as copper, aluminum, magnesium, titanium, nickel and their alloys . For that reason, the study of mechanical properties such as high cycle fatigue resistance of ultrafine grain iron is quite important not only because most of the failures in service are attributed to fatigue problems, but also because iron is a base material in the majority of the metallic structures. Therefore, the understanding of its fatigue behavior is important for structural applications and represents the basis for future work with alloyed steels with ultrafine grain sizes.
Experimental procedure
A commercial ARMCO (acronym from American Rolling Mill Company trademark) iron (Fe-0.01%C-0.01%Si-0.059%Mn-<0.01%P-<0.010%S-0.02%Cr-<0.005%Mo-0.038%Ni-0.013%Al (in wt%)) was received in the form of 8mm in diameter rods.
Before ECAP process, the material was annealed in a tubular furnace at 930ºC for 20 minutes. The rods were divided into short billets with lengths of ~60mm, which were subjected to severe plastic deformation by ECAP at room temperature up to a maximum equivalent strain of eight (i.e., 1, 2, 3, 4, 5, 6, 7 and 8 ECAP passes) following route Bc.
For the ECAP process, a die with an inner angle of Ф = 90º and an outer angle of ψ = 37º was used (see sketch in Figure 1a ).
The microstructure and texture of the annealed and deformed samples before and after fatigue tests was characterized by Electron Backscattered Diffraction (EBSD). The samples were cut from the centre of the billets and mechanically polished from 2500 grit SiC paper up to 0.04µm colloidal silica suspension, following standard metallographic procedures. The Oxford Instruments HKL Channel 5 software was used to process the obtained results. The data was analyzed with the HKL software and misorientations lower than 0.5° were not considered in the post-processing data. The grains were defined using boundaries with misorientations, θ, larger than 15° and allowing completion down to 10°, while the subgrains were defined by boundaries with misorientation larger than 2°. The orientation distribution functions (ODFs) were calculated by series expansion method using truncation at L=22. Finally, to evaluate the texture change due to the fatigue test the grains of orientations 〈 〉 or 〈 〉 were isolated considering a tolerance angle of 20º.
The specimens for fatigue and tensile tests were also machined from the annealed and deformed billets. Figure 1b and c shows the dimensions of the samples for every type of test. The tensile tests were performed at room temperature using a constant crosshead velocity of 3.3x10 -3 mm/s until failure in a universal Instron testing machine.
To determine the fatigue S-N curves, 16 samples of the annealed and deformed condition were tested at a load ratio ⁄ , as shown in Figure 2 .
Testing frequency was 60Hz. The first specimen of each condition was tested under monotonic load (1 cycle) and the rest of the specimens (15 samples for each condition)
were tested at decreasing loads until infinite life was obtained. A resonance machine
Rumul Testronic with a capacity of 150kN was employed for this purpose.
A cycle of fluctuating stresses can be defined by two components: one average or stationary stress , and other variable, . These stresses can be calculated with the following equations :
(1) The GNDs density can be calculated from EBSD measurements . Since GNDs create an orientation gradient in the crystal lattice, their density can be estimated from the orientation differences θ of neighboring measurement pixels according to:
where is the size of a pixel, is the Burgers vector and represents the Nye´s tensor components.
Due to orientation differences in all three directions between pixels can be expressed in a matrix form which defines the dislocation density tensor of Nye, where its entrywise norm gives a scalar GND density:
Five components of the Nye tensor can be determined from two-dimensional mapping.
From those components a truncated scalar value can be calculated, namely ( ) .
( ) √ (6) Figure 4 shows the GND density maps from the EBSD measurements for both annealed and deformed samples before the fatigue tests. respectively. It can be concluded that a low average value of GND density can stop the grain subdivision since the curvature of the grain would be more continuous. Figure 5 shows the tensile and fatigue curves for the annealed and deformed iron. The tensile tests (Figure 5a ) highlight the great difference in strength due to severe plastic deformation through the ECAP process. However, it is also evident the reduction in the ductility of the deformed sample in comparison with its unprocessed counterpart. This loss of ductility is highly related with the reduction in the strain hardening capacity. It has been widely demonstrated that a major grain refinement, down to the nanometer range, may lead to a very high hardness and strength in various metals and alloys, exhibiting a low ductility under tensile testing . This can be explained by the fact that plastic deformation mechanisms associated with the generation and movement of dislocations may not be effective in ultrafine grains.
Tensile and High-Cycle Fatigue (HCF) properties
One of the most important parameters to increase the strength of UFG materials is the average grain size reduction as predicted by the Hall-Petch equation, which states that the yield stress, , is given by:
where defines the friction stress, is the average grain size and is a constant of yielding . However, recent studies have shown that UFG materials can exhibit a considerably higher strength than the Hall-Petch prediction in the ultrafine grains range . The nature of such superstrength is associated with other nanostructural feature, such
as grain boundary segregation.
By taking into account the influence of two types of boundaries, i.e. HAGB and LAGB, the strengthening contribution to the yield stress can be given by:
where takes into consideration the strengthening contributions of Peierls-Nabarro stress, , and accounts for the solid solution strengthening (which can be neglected in this study), and and are the strengthening contributions from HAGB and LAGB, respectively.
The Peierls-Nabarro stress can be calculated with the following formula :
where is Poisson's ratio (=0.29) , is the interplanar spacing of the primary slip ( = 0.2nm) , is the shear modulus for Fe ( =82 GPa) and is the Burgers vector (=0.248 nm). Although depending of the alloy, some authors neglects this is not the case for iron bcc, which according to according to equation (9) takes a value of ~91MPa.
EBSD analysis also enables an evaluation of LAGBs contribution to the increase of strength. This can be treated as dislocation strengthening (Taylor strengthening) :
where is the Taylor factor (3.06 calculated from EBSD measurements), is a factor taken as 0.3 , is the dislocation density between boundaries for the annealed condition taken as = 10 12 m −2 , and is the dislocation density stored in LAGBs (subgrains) estimated by :
where is the HAGB fraction, ̅ the average misorientation of the LAGB and the average boundary spacing of subgrains, taking 2° as the critical misorientation angle.
All of them, listed in Table 1 , were calculated following the procedures described in literature . In addition, the strengthening contribution from the HAGB follows the HallPetch relationship as:
The value was determined in a previous study to be 0.36 MPa m 1/2 . One can obtain the strength contributing factors (Table 1) by substituting the parameter values into equations (10), (11) and (12) . Each one of the contributions for the yield stress are compared in Figure 6 with the experimental strength, and a good correlation between the experimental and calculated strengths can be observed.
The mayor contribution to the material strength is coming from the HAGB, for the processed material. However, an increase in the amount of the LAGB contribution can be seen in Figure 6 for the severely deformed material, which can be explained by the reduction in the grain size (as a consequence of the great deformation introduced during the ECAP process due to the fragmentation of the initial coarse grains by the generation of new subgrains which will evolve into grains with the increase in the deformation).
This is in agreement with the investigation of Valiev et al. , where it was pointed out that the presence of non-equilibrium grain boundaries is typical for the majority of SPD materials. However, their influence on mechanical properties becomes considerable when the grain size is below 500-1000 nm.
The fatigue curves (S-N curves) for both materials are displayed in Figure 5b . The ARMCO iron processed by eight ECAP passes presents a big increment (>190%) in the fatigue strength. According to the literature, ultrafine structures usually exhibit higher fatigue resistance than materials with a conventional grain size under stress-controlled loading. For example, the fatigue life and endurance limit at constant stress amplitude cycling of Ni and an Al-Mg alloy increase when the microstructure changes from microcrystalline to UFG and nanocrystalline . Since HCF is more depend on the strength of materials than on the ductility , a better performance of the material with eight passes is expected. The Basquin equation was used to better understand the increase in the fatigue strength. This equation shows a relationship between the stress amplitude and the number of cycles to failure as follows: (13) where is the fatigue resistance coefficient, is the fatigue resistance exponent and is the number of cycles. The calculated parameters after fitting this equation are shown in Table 2 . The values of the fatigue resistance coefficient ( and for the annealed and eight ECAP passes specimens respectively) confirm once again the increase in the fatigue strength for the ECAPed material. On the other hand the similar values of the fatigue resistance exponent ( and for the annealed and eight ECAP passes specimens respectively) are in good agreement with the behavior observed in Figure 5b , where both materials present rather similar slopes. The value of the fatigue strength for the ECAP processed material is lower than for a low carbon steel processed by High Pressure Torsion (HPT) but higher than those obtained in Cu and Al . The differences are attributed to different values of tensile strength after severe plastic deformation. Therefore, the low carbon steel processed by HPT reached a higher reduction in the grain size that present iron while Cu and Al present lower tensile strength than iron leading to higher and lower HCF strength than iron respectively.
As the fatigue behavior of nanomaterials cannot simply be explained by the Hall-Petch effect, several aspects such as microstructural stability, shear banding, or grain size distributions are some of the key parameters to explain their behavior . For that reason, in Figure 7 and Figure 8 the microstructures before and after fatigue together with their properties are shown respectively. To better understand the microstructural evolution of the two tested conditions (ultrafine and coarse grain size), two points over the fatigue curves have been analyzed for each material. Samples were taken close to the fracture area in the TD plane (see Figure 1 ).
The EBSD maps obtained for each point over the HCF curve can be seen in Figure 7 . A marked change in the microstructure morphology is observed, especially for the material with eight ECAP passes at high number of cycles, but also for the annealed material at low number of cycles. It is also evident in Figure 7 a change in the material texture after the fatigue test. According with the IPF representation most of the grains present a preferential orientation towards the <101> direction, especially the sample processed by ECAP.
The microstructural properties (grain size, aspect ratio and %HAGB) are presented in under the same plastic strain amplitude. In this way, those mechanisms seem to be responsible for the reduction in the fatigue resistance, especially for the annealed sample. It was noted that pressing through an increasing number of passes in ECAP leads to an increase of the monotonic strength and fatigue limit .
The fracture surfaces have been also analyzed in Figure 9 for both conditions. In both cases, and at low number of cycles, a more tensile type fracture surface is shown, with a great amount of dimples and intense plastic deformation around it. This behavior is in accordance with the elongation percentages obtained during tensile tests (Figure 5a ), where the annealed sample presented higher ductility values. On the other hand the fracture areas after a number of cycles of approximately 2·10 6 , present fatigue characteristic features, where three zones can be easily identified: the crack nucleation and growth, its propagation and the material fracture.
Texture and microstructure after fatigue
Recrystallization together with grain growth have been reported to occur in UFG materials during fatigue tests , when a microstructure consisting of mainly elongated subgrains or lamellar subgrains has been observed . All those microstructural characteristics are in good agreement with the behavior of the ARMCO iron after HCF tests. Figure 8a and 8b shows the increment in the grain size together with a large increment in the aspect ratio for the material with eight ECAP passes. The increment in the aspect ratio is consistent with the elongated grains and subgrains that appear in the microstructure after the fatigue test, as observed in Figure 7 .
To characterize the texture of the material, it is important to know the ideal texture orientations. In this case the ideal components for BCC materials deformed by conventional methods and by simple shear are summarized in Figure 10 and also in Table 3 .
In order to identify the initial symmetry, the material in this investigation was analyzed in monoclinic symmetry. Figure 11 and Figure 12 show the ODFs for the annealed and eight ECAP passes samples respectively, where the grains are colored in red and green to represent the orientations belonging to the γ and α fibers respectively. It was observed that the two materials present a repetitive behavior of the texture after φ 1 =90º, corresponding to an orthorhombic symmetry (0º< φ 1 <90º).
The texture evolution in the annealed material ( Figure 11 and Figure 13 ) shows a higher orientation of the grains along the γ fiber than on the α fiber. However, after the fatigue test the opposite happens for the samples processed with 8500 cycle and with 1537900
cycles. This behavior is similar with other observations of an Interstitial Free (IF) steel after annealing, where it was observed that the recrystallization orientations were generally close to the α and γ fibres, but that much of the α fibre had been eliminated during recrystallization, especially in the range (
The reduction of the α fiber was also observed in the initial ARMCO iron sample before fatigue ( Figure 13 ). After fatigue, the annealed material shows a texture typical of a cold worked material, where the α fiber is more representative than the γ fiber. Therefore, most of the grains are oriented towards the direction of load application during the fatigue test, as seen in Figure 11 .
For the sample processed by eight ECAP passes an initial texture due to the severe plastic deformation is observed ( Figure 12 and Figure 14) . The texture was defined according to the ideal orientations suggested by Beyerlein et al. and Li et al. , which are summarized in Table 3 . As shown in Figure 14 , the strongest components are and followed by , , ̅ , and ̅ respectively. However, the texture changed after the fatigue test, as noticed in Figure 12 and Figure 13 , where a stronger presence of the γ and α fibers, especially in the case of the α fiber, is apparent. This change in texture for the material with eight passes is correlated to Figure 14 where the reduction in the intensity of all the simple shear components is clearly observed. According to Engler et al. BCC materials tend to form 〈 〉 fiber textures under uniaxial tension and drawing.
This could explain the elongated grains observed in Figure 12 for the material with eight ECAP passes, as a state of plane strain on the grain level is favored.
The main components developed in the deformed material after fatigue are ( ) [ ̅ ] and ( ) [ ̅ ] in the γ fiber, whereas in the α fiber the strongest component is
as shown in Figure 13 . This behavior is similar to the one reported by Bonnot et al. [46] for ARMCO iron processed by 7 cycles of Accumulative Roll To understand the effect of crystallographic orientation on the formation of HAGB, the evolution of HAGB fraction has been calculated both for 〈 〉 and 〈 〉 grain orientation, respectively for the α and γ fibers usually observed in BCC materials.
The results are indicated in Figure 15 . It appears that HAGB are produced in a higher fraction in the α fiber than in the γ fiber. It is important to note that the difference between the HAGB fraction in the α fiber and in the γ fiber is more pronounced for the material with eight ECAP passes. This is due to the gradual rotation of the α fiber components towards two specific components: { }〈 〉 and { }〈 〉. This is at the origin of HAGB formation inside the α fiber that becomes mainly composed of two components: { }〈 〉 and { }〈 〉 misorientated by 10º.
Conclusions
A noticeable reduction in the grain size was observed between the initial material and the material after eight ECAP passes. This behavior is a consequence of the continuous generation of new grain boundaries from the grouping of dislocations until the formation of subgrains which finally evolves in grain boundaries with the future strain.
As a consequence of the reduction in the grain size, the material after eight ECAP passes presented a considerable increment in the tensile strength as well as for the HCF strength (>190% in increment) with respect to the annealed material, where the main contribution to the tensile strength was coming from the HAGB according with the modified Hall-Petch relationship. However, an important reduction in the ductility of the processed material was also observed. This reduction was attributed to the lost in the strain hardening capability of the material.
The study of the microstructures after the fatigue tests for both materials (zero and eight passes) showed some changes with respect to the materials before the fatigue test. . It was also found that HAGB were produced in a higher fraction in the α fiber than in the γ fiber specially for the material with eight ECAP passes.
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